Xeroderma pigmentosum group C (XPC) protein is a sensor of helix-distorting DNA lesions, the function of which is to trigger the global genome repair (GGR) pathway. Previous studies demonstrated that XPC protein operates by detecting the single-stranded character of non-hydrogen-bonded bases opposing lesion sites. This mode of action is supported by structural analyses of the yeast Rad4 homologue that identified critical side chains making close contacts with a pair of extrahelical nucleotides. Here, alanine substitutions of the respective conserved residues (N754, F756, F797, F799) in human XPC were tested for DNA-binding activity, accumulation in tracks and foci of DNA lesions, nuclear protein mobility, and the induction of downstream GGR reactions. This study discloses a dynamic interplay between XPC protein and DNA, whereby the association with one displaced nucleotide in the l.mdamaged strand mediates the initial encounter with lesion sites. The additional flipping-out of an adjacent nucleotid e is necessa ry to hand over the damaged site to the next GGR player. Surprisingly, thi s mutagenesis analysis also reveals tha t the rapid intranuclear trafficking of XPC protein depends on constitutive interactions with native DNA, implying that the search for base damage takes place in living cells by a facilitated diffusion process.
Introduction

N
UCLEoTIDE EXCISION REPAIR is a hmdamental cytoprotective system that removes bulky DNA adducts and i.ntrastrand crosslinks generated by ultraviolet (UV) light, genotoxic chemicals, reactive metabolic intermediates, and oxygen radicals, as well as lipid peroxidation products (18, 19, 21, 35, 46) . Two distinct subpathways of this versa tile DNArepair process have been discerned, depending on the genomic context. Transcription-cou pled repair eliminates DNA lesions from the transcribed strand of active genes, whereas global-genome repair (GGR) excises base damage from any sequence including nontranscribed strands and silent domains (17, 20) . The relevance of an effective DNA-repair surveiUa.nce is highlighted by the inherited disorder xeroderma pigmentosum (XP), in which defects in the GGR pathway lead to a > 1,OOO-fold increased incidence of stmlightinduced skin cancer. XP patients also have a higher risk of developing internal tumors a.nd often have neurologic deterioration or other traits of premature aging attributable to oxidative sh'ess (2, 6, 11) . The disease ca n be classified into seven repair-defi cient complementation g roups, designa ted XP-A through XP-G (12, 27) .
XPC protein is the 940-amino-acid DNA-binding constituent of a promiscuous sensor that associates with damaged sites to initiate the GGR reaction (4, 39, 44) . The other two subtinits of this initiator complex, Rad23B and centrin-2, have an accessory function in stabilizing XPC and stimulating its recognition hmction (31, 32) . XPC protein provides a la.nding platform for transcription factor TFIIH (48) , whose wlwinding activity, assisted by XPA and replication protein A (RPA), generates an open nucleoprotein i.ntermediate in which the DNA is melted over 25 to 30 nucleotides (15, 45) . The doubleto single-stra.nded transitions at the borders of this open complex are cleaved by stru cture-specific endonu cleases, thereby releasing the offending lesion by dual DNA incision (23, 33, 36) . Finally, repair-patch synthesis is carried out by the coordinated activity of DNA polymerases and Iigases (3, 37) .
Against the conventional dogma tha t DNA lesions are recognized tlu'ough direct contacts with modified nucleotides, XPC protein distinguishes between damaged DNA and the native double helix by sensing the single-stra.nded character of non-hydrogen-bonded bases in the undamaged strand (7, 28, 42) . This view was confirmed when a crystallographic ana lysis of the yeast Rad4 homologue revealed the bimodal binding scheme of this versatile factor (30) . One part of Rad4 protein, involving its large transglutaminase homology domain and a short fJ-hairpin domain (BHDl), associates with 11 base pairs of duplex DNA flanking the lesion . A second part, comprising fJ-hairpin domains BHD2 and BHD3, interacts with a four-nucleotide segment of the undamaged strand opposing the lesion. Two of these undamaged nucleotides are displaced out of the d ouble helix and accommoda ted into a handlike Rad4 protein fold, where the DNA adopts th e configma tion of a single-stranded overhang (38) . The amino acids making contacts with these extrahelical nucleotides are evolutionarily conserved (Fig. lA) and, therefore, it can be predicted from the Rad4structure that N754 and F756 of human XPC interact w ith one flipp ed-out base, located on the 3' side, w hereas F799 binds to the second flipp ed-out nucleotide on th e 5' side, and F797 interacts with both extrahelical residues simultaneo usly (Fig. lB) .
The presence of two fully ex truded nucleotides in the Rad4-DNA complex is intriguing beca use most helixdistorting lesions, including those tha t are readily excised by the GGR system, ca use the destabilization of just a single base pair. For example, UV light-induced (6-4) photoproducts interfere with the Watson-Crick hydrogen-bonding pattern of on ly one modified pyrimidine, whereas all smrounding base pairs retain their native double helical geometry (24, 25) . Similarly, the rapidly excised (+ )-cis-benzo [a] pyrene-N 2 -d G or N-acetyl-2-aminofluorene-dG add ucts disrupt only the Watson-Crick pairing be tw een th e modified guanines and their cytosine partners (13, 34) . This discrepancy between the limited base-pair destabiliza tion induced by many GGR substrates and the more extensive base displacement in the Rad4 co-crystal raises the twofold questions of how this factor and its human counterpart are able to find lesions embedded in native genomic DNA and what is the function of the extensive conforma tional changes observed in the Rad4 crystal complex.
To address these tmresolved issues, residues N754, F756, F797, and F799 of the human XPC sequence, which are predicted to accommodate the two flipp ed-out nucleotid es in their outward position, were subjected to site-directed mutagenesis. The biochemical properties of the resulting alanine mutants were tested both in vitro and in living cells to determine the contribution of each individual side chain to the m olecular search process, the detection of lesions, and formation of a stable recognition intermediate, as well as the induction of downstream reactions. This report provides new insights into dynamic aspects of the genome-wide search mechanism by whi ch XPC protein finds DNA d amage and initiates the versatile GGR pathway.
Materials and Methods
XPC constructs and mutants
The human XPC complementary DNA was cloned into pEGFP-N3 (Clontech, Mountain View, CAl by using the restriction enzymes Xma I and KpnI and into the pFastBac HTc vector (Invitrogen, Basel, Switzerland) with Noll and KpnI. Mutations were genera ted by site-directed mutagenesis (QuickChange; Stratagene, Heidelberg, Germany) b y using the primers 5' -gaaggtgccccgggccgagtttgggaatg tgtac-3' (N754A), 5' -gaaggtgccccggaacgaggctgggaatg tg tac-3' (F756A), 
XPC expression in insect cells
The vector pFastBac HTc containing the human XPC sequence, fused to His 6 a nd maltose-binding protein (MBP) tags (28) , was introduced into recombinant baculovirus by using the BAC-TO-BAC Baculovirus Expression System (Invitrogen). Sf9 cells (2 x 10 6 ) were infected, and cell lysates containing His 6 -MBP-XPC fusion proteins were obtained as d escribed (43) . Each Sf9 cell lysa te was analyzed by denaturing polyacrylamide gel electrophoresis, Coomassie staining, and imrmmoblotting with antibodies against His 6 (Sigma, Buchs, Switzerland). The amount of huma n XPC protein was d etermined by comparing the intensity of the Hisfi-MBP-XPC band of -170kDa with tha t of a bovine serum albumin standard (Fluka, Basel, Switzerland). . After 1.5 h at 4°C, the reaction mixtures were supp lemented with monoclona l antibodies against MBP linked to paramagnetic beads (0.2mg; New England BioLabs, Bioconcept, Allschwil, Switzerland). After another 1 h at 4°C, the beads were washed twice with 200 til buffer A, and the radioactivity associated with the paramagnetic beads was quantified w ith liquid scintillation co unting. All values were corrected for the background resu lting from control incubations w ith a lysa te from uninfected cells.
DNA -binding assay
Cell culture
All cell-culture media and supplements were from Invitrogen. Simian virus 40-tra nsform ed human XP-C fibroblasts (GM16093), derived from patient XP14BR, were obtained from the Coriell Institute for Medical Research (Camden, NJ). These cells carry a homozygous C-to-T transition a t codon 71 8, lead ing to a nonfunctional tnmcate (10) . The XP-C fibroblasts were grown in a humidified incubator a t 37°C and 5% CO 2 by using Dulbecco's modified Eagle's medium (DMEM) supplemented w ith 10% hea t-inactivated fetal calf serum (FCS), 100 units/ mJ penicillin G, and 100 Jlg/ ml streptomycin. Chinese ha mster ovary (CHO) cells were cult-ured as we re the XP-C fibrobla sts, except that DMEM was replaced by F-12 Nutrient Mixture.
Transfections
The 500,000 XP-C or 250,000 CHO cells were seeded into six-well p lates. After 24 h, at a confluence of 80-85%, the cells were transfected with 1 ttg XPC-pEGFP-N3 or pEGFP-DDB2-Cl plasmids by using 4 {11 FuGENE HD transfection reagent (Roche, Basel, Switze rland). After a 4-h incubation, the transfection mixture was replaced by complete culture medium, and the cells were inc ubated for another 18 h at 37°C. The expression of XPC-GFP constructs was assessed with irnmunoblotting by using monoclonal antibodies against human XPC protein (Abcam, Cambridge, England).
High-resolution DNA -damage induction
Multiphoton laser irradiation is a powerhll tool to induce narrow areas of DNA damage in the nuclei of mammalian cells (29) . CHO cells were grow n in a It-Dish, 35 rrun hi gh (Ibidi, Mi.inchen, Germany), and, 18 h after transfection, the medium was replaced by phenol red-free DMEM supplemented with 10% FCS and 25 mM HEPES (pH 7.2). Single nuclei were irradiated along a lO-ttm tra ck with a multiphoton fiber laser coupled to a confoca l microscope (LSM Pasca l, Zeiss, G6ttingen, Germany). The laser genera tes pulses of 775 nm with a duration of 290 femtoseconds and a repetition rate of 107MHz (41) . By multiphoton exci tation, three colliding photons of low energy (775 nm wavelength) cause DNA lesions that would norma Ily arise from the absorption of a single photon at higher energy (258 nm waveleng th). The pea k power density at the focal plane was 365 GW /cm 2 , and the pixel dwell time was 44.2ms, genera ting approxima tely 5,000 UV lesions [cyclobutane pyrimidine dirners and (6-4) photoproductsl in each treated cell (8) . The area of each irrad ia tion track was < 10 pm 2 , and its volume, < 20 {1m
Induction of UV foci
CHO cells were grown on glass coverslips (20 mm diameter) and transfected with XPC-GPF constructs, as described . After 18-h incubations, the cell-culture med ium was removed, and the cells were rinsed w ith phosphate-buffered sa line (PBS) . UV foci were induced by irradiation through the 5-Jlm pores of polycarbonate fi lters (Milli pore, Zug, Switzerla nd) by using a UV-C source (254nm, 150J/m2). Immediately after irradiation, the filters were gently removed, and the cells incubated for the indicated periods a t 37°C in complete DMEM.
Immunocytochemistry
All procedures were performed a t room temperature, unless otherwise stated. At the indica ted times after irradiation, cells were washed and fi xed for 15 min by using 4% (wt/ vol) para formaldehyde in PBS. The cells were permeabilized with PBS containing 0.1 % (vol/ vol) TWEEN 20 for 10 min, and DNA was denatured with 0.07 M NaOH for 8 min. Subsequently, the samples were washed 5 times with 0.1 % TWEEN 20 a nd blocked (30 min at 37°C) with 20% FCS in PBS. The samples were incubated (1 h at 37°C in PBS containing 5% FCS) with primary antibodies directed against (6-4) photoproducts (MBL International Corporation, Woburn, MA) (dil ution,1:l,OOO) or agains t the p62 (Abeam) and .p89 subunits of TFIIH (Santa Cruz Biotechnology, Santa Cruz, CAl (dilution, 1:250). Next, the samples were washed with 0.1% TWEEN 20, blocked twice for 10 min wi th 20% FCS, and incuba ted with Alexa Fluor 594-conjugated secondary antibodies (Invitrogen) (dilution, 1:400) for 30 min a t 37°C. After washing with 0.1 % TWEEN 20 in PBS, the nuclei were stained for 10 min with Hoechst d ye 33258 (200 ng/ml). Finally, the sa mples were washed 3 times with PBS and analyzed by using an oil-immersion objec tive.
Image analysis
Fluorescence measurements in UV tracks were carried out through a x 40 oil-immersion objecti ve lens with a numeric aperture of 1.4 (EC-Plan -Neo-Fl uar, Zeiss) by using an Ar+ source (488 nm wavelength). The selected pa rameters (laser power and magnifica ti on factor) were kept constan t throughout all experiments. For rea l-time recordings, an image was taken every 5 s fo r up to lOSs after irradiation and analyzed with the ImageJ software (http: //rsb.info.nih.gov / ij), including corrections for bleaching (http://www.emblheidelberg.de/earnn et/ html/ body_bleach_correction.html) and cell movements (http: // bigwww.epfl.ch / thevena z/ stackreg). An initial control image was taken immedia tely before damage induction. The average fluorescence signals were corrected for the background levels and normalized to the mean in tensity of the same nuclear region before irradiation . Foci of UV lesions or DNA-repair factors in paraforma ldehyde-fi xed ceLIs were quantified by using the LAS AF lite v1.9 software (Leica, Wetzlar, Germany).
Protein dynamics in living cells
To ca rry out fluorescence recovery after photobleaching (FRAP) analyses, CHO cells were grown on glass coverslips and transfected as described earlier. Cells with low expressions of GFP fu sions were subjected to high-time resolu tion FRAP by using a Leica TCS SP5 confocal microscope equipped with an Ar+ laser (488 nm) and a x 63 oil-immersion lens (numeric aperture of 1.4). The assays were performed in a controlled environment at 37°C and with a CO 2 supply of 5%. A region of interest (ROI) of 4 mm 2 was photobleached for 2.3 s at 80% laser intensity. Fluorescence recovery within the ROt was monitored 200 ti mes by using 115-ms intervals followed by 30 frames at 250 ms and 20 frames at 500 ms. Simultaneously, a reference ROT of the same size was measured for each time point to correct for overa ll bleaching. Finally, the data were normalized to the prebleach intensity.
FRAP on loca l damage (FRAP-LD) was applied to test the stability of XPC interactions with da maged sites. In CHO cells transfec ted with GFP fusion constructs, ROls corresponding to foci of XPC accumulation were defin ed 15-30 min after UV-C irradiation (254nm , 150J/ m2) through polycarbonate fi lters. These ROIs were photobleacbed until the fluorescence reached a level equivalent to tba t of tbe nuclei around the foci . Fluorescence recovery within each ROI was monitored through a x 40 oil-immersion objective lens with a numeric a perture of 1.4. The measurements were conducted 10 times by using 700-ms intervals followed by 10 frames of 5 s and six frames of 20 s. Simu lta neo usly, a reference ROI of the sa me size was measured for each time point to correct for overa ll bleaching. The va lues w ere used to calcul a te ratios between the damaged areas in the foci ruld the co rresponding intensity before bleaching. In the data display, the first flu orescence measurement after photobleaching is set to 0 (1).
Host-cell reactivation assay
pGL3 and phRL-TK vec tors expressing firefly (PhottnLl s) and Renilla luciferase were purchased from Promega (DUbendorf, Switzerland). Tbe pGL3 DNA was UV-irradiated (257 nm, 1,000 J/ m2) in 10 mM Tris-HCI (pH 8) and 1 mM EDTA. Human XP-C fibroblasts, grown to a confluence of 80% in six-well plates, were tran sfected with 0.5 Jig XPCpEGFP ex pression vector, 0.45 pg irradia ted pGL3 DNA, and 0.05 1lg phRL-TK. After a 4-h incubation, the transfection reagent was replaced by complete med ium. The cells were lysed after a further 18-h period by using 0.5 ml Passive Lysis Buffer (Promega), following the manufacturer's instructions. Photinus a nd Renilla luciferase activity was determined ir1 a Dynex microtiter plate luminometer by using the Dual-Luciferase Assay System (Promega). Mean values were calculated from the ratios between Photinus and Renilla luciferase ac tivity.
Statistical analysis
Results are expressed as mean ± SD or mean ± SEM of at least three independent experiments in each group . The statistica l analysis was performed with InSta t 3.0 Software for Macintosh (GraphPad Software) by using the Student t test for comparisons. A value of p < 0.05 was considered statistically significan t.
Results
DNA -binding activity in vitro
Human XPC was overexpressed in Sj9 insect cells, as a fusion with maltose-binding protein (MBP), and celllysates containing quantitatively sin1ilar levels of wild-type and mutant MBP-XPC were identified with immunoblotting ( Fig.  2A) . The DNA-binding activity was determined in pull-down assays by incubation with radiolabeled substrates displaying the same length but different conformations (i .e., homoduplex fragments of 135 base pairs, single-stranded 135-mer oligonucleotides, or jlUlction molecul es consisting of a duplex region of 71 base pairs with single-strrulded overhrulgs of 64 nucleotides). Dose-response ex periments were conducted with increasing amounts of cell lysate (Fig. 2B ) to d etermine a nonsaturating concentration of wild-type XPC protein (1.7 nM) for comparisons with site-d irected mutants containing single alanine substitutions.
This in vitro DNA-binding assay demonstrates that the tested amino acids are indeed critical for the interaction of XPC protein with DNA. With all substra te conformations, the th ree mutations, N754A, F756A, a nd F797 A, confer a more severe DNA-binding defect than the F799A substitution (Fig.  2C) . However, all fo ur mutants are essentially unable to inte ra ct with the single-stranded oligonucleotides. A surprising obselvation is that the four site-directed mutants also display a reduced binding to homoduplex DNA (Fig. 2C) . Thus, residues N754, F756, F797, and F799, selected in view of their affinity for the single-s trand ed confi g uration of ex trahelica l nucleotides, also contribute in a substantial manner to the binding of XPC protein to undamaged DNA in its native double helical fo rm.
DNA -damage recognition in tracks of UV lesions
The ability to recognize DNA damage in living cells was tested by monitoring th e accumulati on of g reen-flu orescent protein (GFP) constructs along high-resolution tracks of UV lesions. The XPC s ublUlit is norma lly assisted in the recognition of UV photoproducts by a n accesso ry factor known as Asterisks, statistica lly sig nifica nt differences of th e mutants from wild-type protein (mean ± SD; 'p < 0.05; "p < 0.0001;
UV-damaged DNA-binding (UV-DDB) protein (16) . To avoid this stimu la tory effect of UV-DDB and, hence, to d e termine the intrinsic function of XPC protein in detecting DNA damage, nuclear-relocation experiments were performed in Chinese hams ter ovary (CHO) cells, which are devoid of UV-DDB activity because they fail to exp ress its DNA-binding subunit DDB2 (40) . After transfection with appropriate vectors, individual CHO cells expressing low levels of XPC-GFP fusions, in the range of end ogenous XPC in human fibroblasts (8) , were identified by measuring the overa ll nuclear fl uorescence. Next, lO-pm tracks of UV lesions were produced by application of a multiphoton laser that achieves high spatial resolution with minimal collateral damage (29, 41) . The subsequent real-time redistribution of XPC-GFP was assessed by recording the loca l increase in fluorescence intensi ty along each laser track (Fig. 3A) . Wild-type XPC protein responded to loca l irradiation by realloca ting to the da maged areas with an accumula tion half-life of -ISs (Fig. 3B) . Already after -50s, a plateau level was reached, reflecting a steady-state condition with constant turnover. In contrast, the N754A, F756A, F797A, and F799A single mutants reloca ted to the UV lesion Asterisks, s tatistica ll y s ignifica nt differences of w ild-type XPC compared with the mutants (mean ± SEM; 'p < 0.05; N = 10).
(For interpretation of the references to color in this figure legend, th e reader is referred to the web version of this article a t www .liebertonline.co m /ars).
tracks with prolonged half-lives of accumula tion and markedly reduced platea u levels (Fig. 3B) . These res ults demons tra te that all fo ur tested amino acid side chains are required fo r the formation of a DN A-damage-recognition intermediate in the chroma tin of living cells. The most severe reduction of loca l accum ulation is ca used by the N754A change.
ONA -dqmage recognition in UV foci
In addition to UV photo products, irrad ia ti on by the m ultiphoton laser ca uses oxida tive damage and DNA strand brea ks. The nuclear-reloca tion experiments were, therefore, co nfirmed by generating UV-C foc i con taining essentiall y only cyclobutane pyrimidine dimers and (6-4) photoproducts (8, 14, 26) . For tha t purpose, CHO cells transfected with XPC-GFP constructs were UV ir rad ia ted (254 nm wavelength) th ro ugh the p ores of polyca rbona te filters, thereby loca lizing the DNA damage to sma ll nuclear spots. After a 15-min recovery a t 37°C, the cells were subjec ted to paraformaldehyde fixa tion to visualize the co-loca li zation of (6-4) p hotoproducts a nd XPC-GFP fusions. As shown in Fig. 4 , wild-type XPC protein generated bright green foci with reduced overa ll n uclear flu orescence, indi ca tive of a strong accumula tion in d amaged sites with a concomitant depletion of the GFP fusion from undam aged regions. The XPC single mutan ts also reloca ted to the damaged foci but to a lower degree, genera ting weaker green flu orescence signals over th e surro und ing nuclea r area. An exact quan tita tive compa rison between Representa tive images illustra ting tha t the site-directed mutants are defective in the rea llocation to UV foci rela tive to the wild-type control. CHO cells were irrad ia ted th ro ugh the pores of polycarbonate filters and fi xed 15 m in after trea tment to monitor the co-loca lizati on of the GFP fu sion constructs (green) and (6-4) pho toproducts (red ). Hoechst, DNA staining visualizing the nuclei. (For interpreta tion of the references to color in thi s figure legend, the reader is referred to the web version of this article a t w ww .liebertonline .com/ars).
the muta tions is limited by the wide heterogeneity of size, shape, and photoproduct density of the foci, but, on the average, the four mutants reached a local fluorescence in tensity above background that was only -30% of that observed with the w ild-type contro l (N = 30). These results su pport the notion tha t all tested a mino acids (N754, F756, F797, a nd F799) are requ ired for the forma tion of a DNA-da mage-recognition intermed ia te in living cells.
Overall nuclear dynamics of XPC protein
The interaction of XPC protein with genomic DNA before and after UV irrad ia tion was exa mined w ith fluorescence recovery after photobleaching (FRAP), which is a p owerful rea l-time method to probe the nuclear m obility of repair proteins (1, 22) . In cells containing low levels of each XPC-GFP fusion, a 4-llm 2 area of the nucleus was bleached wi th a laser (488 nm waveleng th, not producing DNA d amage) to eliminate the fluorescence signa l. Subsequently, the grad ua l recovery of fluorescence within the bleached a rea, due to the rapid diffusion of free XPC-GFP molecules, is recorded over time. In non-irradiated CHO cells, w hen the DNA contains n o UV lesions, th e bleached spot ulti ma tely reaches a fl uorescence intensity equal to that detected before the photobleaching process (Fig. 5A) . After UV irradiation (20 J 1m 2 ) ,
this flu orescence recovery is s ignifi ca ntly delayed, indica ting tha t the movements of XPC protein are res trained as a consequence of its binding to UV lesions. The UV d ose of 1501/m 2 , used to sa tura te the XPC molecules w ith a hig h lesion density, further delays the recovery of flu orescence, refl ecting an immobiliza tio n of the fu sion p ro teins in response to DNA d amage (22) .
The FRAP analysis was used for a direct comparison of protein d ynamics between wild-type XPC and the single mutants (N754A, F756A, F797A, F799A) . In non-irradiated cells (i.e., in the absence of UV leSions), the alanine substituti on N754A and, to a lesser ex tent, the F797 A and F799A muta tions, retarded the flu orescence recovery (Fig. 5B) . This unanti cipa ted fin ding indica tes th at the DNA-binding defect of these m utants (see Fig. 2C ) restricts their n ormal nuclear mobility in compa rison to the wild-type control. When the cells were UV irradia ted, the nuclear d ynamics of the fo ur tested mutan ts was no t affected by their encOlUlters with DNA lesions (Fig. 5C-F) , lend ing fu rther support to the conclusion that the loss of one of the tested XPC side chains is sufficient to prevent the formation of a stable recogni tion co mplex.
XPC protein dynamics in UV foci
Among the tested mutants, F756A and F799A d isplay the hig hest residual accumula tion in the quantitative laser track assay of Fig. 3B . To co mpa re the stability of the interactions that these mutants tmdergo with d a maged genomic DNA, UV-induced foc i containing the respec tive fusion proteins were ana lyzed with fluorescence recovery after photobleaching on local d amage (FRAP-LD) (1 ). To tha t end, the green flu orescence of individ ual foci was photobleached lUl til the s ignal reached the lower backgro und level of the surro unding nuclear areas. The subsequent fluorescence recovery d ue to the exchange of bleached XPC molecules with nonbleached counterparts was again reco rded over time, thus yielding d istinct dissocia tion curves (Fig. 6) . In particula r, we observed tha t the flu orescence of the F756A and F799A mutan ts reached the prebleach intensity after ~3 0 s, indica ting that they readily dissociate from UV-irradiated sites. Instead , wild-type XPC protein forms a subset of stable complexes in the UV foci in a manner tha t the flnal p lateau of flu orescence remains significa ntly below the prebleach signal (Fig. 6) . Thus, this ana lysis of local protein dynamics confirms tha t, d espite its more modera te contribution to DNA binding (see Fig. 2C ), the side chain of F799 is nevertheless necessary for the anchoring of XPC protein onto damaged DNA.
XPC-dependent recruitment of TFIIH complexes
Once bound to damaged DNA, XPC protein serves as a platform for the loading of transcription fa ctor TFIIH onto the substra te (39, 48) . Therefore, w e next tes ted how the different mutations affect the ability of XPC protein to recruit TFIIH to lesion sites. For that p urpose, XP-C fibroblasts lacking functiona l XPC were complemented by trans fection with XPC-GFP fu sion vectors. Foci of UV lesions were genera ted by irradiation throu gh mi cropore filters and, after 30 min, the cells w ere processed by imrmmocytochemistry to stain the TFIIH subwuts p62 and p S9 with a red-fluorescen t dye. Finally, the UV-dependent colocaliz ation of XPC protein and TFIlH was assessed by quantifying the green and red signals, respectively, in nuclear fo ci.
In the case of wild-type XPC, the accumula tion of GFP fusion protein translates to the recruitment of p62 within the UV-irradiated areas. However, the redistribution of this TFIIH subunit is not observed in XP-C cells expressing the F799A mutant (Fi g. 7 A) or in XP-C cells transfected with the empty pEGFP vector (data not shown). To perform quantitati ve comparisons, the rati o of fluorescence over background was determined in each foc us, whereby th e green fluorescence stands for the accumulation of XPC protein, and the red flu orescence represents th e p62 (Fig. 7B) or p89 subunits (Fig.  7C) . This quantitative analysis revealed that the N754A and F756A mutants fully retain the ability to engage TFIIH. Ins tead, the F797 A and F799A mutations resu lt in a decreased recruitment of the TFIIH complex to lesion sites. This conclusion is supported by the observation that the F797 A/F799A double mutant still accumulates in the UV foci of XP-C cells but, unHke the N754A/ F756A double mutant, is lillable to hand over the lesions to the downstream TFIIH machinery.
It should be pointed out that, in these experiments performed with human fibroblasts, the UV-dependent redistribution of the different mutants is slightly more effective than that in the comparable assay of Fig. 4 carried out with CHO cells. This difference is attributable to the fact that CHO cells lack DDB2, the DNA-binding subunit of UV-DDB, which in human cells stimulates the relocation of XPC protein to UV foc i produced by the micropore filter method (47) . Therefore, we performed additional control experiments to show tha t the overexpression of DDB2-GFP alone, in tl1e absence of XPC protein, is not s ufficien t to rec ruit the p62 and p89 subunits ( Fig. 7B and 7C) . Thus, the differential transfer of UV lesions to the TFIIH complex represents a gen uine property of the tested XPC mutants and reflects th e contribution of the respective amino acid side cha ins to the conformational rearrangements necessary for the loading of tlus downstream factor onto damaged DNA.
GGR activity in human cells
Finally, the repair proficiency of each mutant was tested by expressing XPC-GFP constructs in GGR-deficient XP-C fibroblasts (Fig. 8A) . The degree of flillctional complementation was determined by a host-cell reactivation assay that has been developed to measure the cellula r GGR ac tivity (9) a nd that is performed by co-transfection with a dual luciferase system. The reporter plasmid, damaged by UV-C irradiation, carries a PhatinLis luciferase gene, whereas the undamaged control codes for the Renilla lucife rase (28) . After an 18-h incubation, the activity of Phatintls luciferase, the expression of which depends on the repair of UV lesions, was measured in cell Iysates and normalized against the accompanying Renilla co unterpart. In XP-C fibroblas ts transfec ted w ith th e empty pEGFP vector, the luciferase expression is reduced to background levels consistent with the absence of GGR activity in this cell line (Fig. 8B) . Compared with wild-type XPC, all tested single mutants display a repair defect leading to reduced expression of the luciferase reporter. The mildest response was associated with the F756A substitution, consistent with the observation that tlus mutant is only partially Quantita tive assessmen ts of green and red signals representing the accumulation of XPC-GFP and the indicated TFJlH subunits, respecti ve ly, in XP-C fibrobl as ts. Foci of DNA damage were generated by UV-C irradiation through micropore filters. The recruihnent of p62 and p89 is determined by immunocytochemistry. Asterisks, statistically signifi ca nt differences betw een th e accumulation of p62 and p89, respectively, and the accumula tion of XPC protein (mea n ± SEM; ' p < 0.05; '*p < 0.0001; N = 30). (For interpreta tion of the references to color in this fi gure legend, the reader is referred to the web version of this article at www.liebertonline.com/ ars). impaired in its ability to relocate to tracks of UV lesions but is fully proficient in the subsequent TFIlH recruitment (see Figs. 3B and 7). In contrast, the most severe GGR defect was imposed by the F799A muta tion, which is in line with the findin g th at this amino acid is very critica l for the recruitment of TFIIH to lesion sites.
Discussion
The present analysis of human XPC protein, based on sitedirected mutagenesis, was instigated by the intriguing configuration of DNA found in crys tal complexes of the yeast Rad4 homologue with a model substra te (30) . In this previous structural study, Rad4 protein binds to damaged duplexes by intera cting with a double-s tra nded to single-stranded DNA transition arOlmd th e lesion site, whereby two neighboring nucleotides in the undamaged strand are completely displaced out of the double helix. Conserved amino acids (N754, F756, F797, and F799) predicted to make close contacts with these flipp ed-out nucleotid es h ave been identified in the human XPC sequence and challenged by alanine substitutions (Fi g. 1) . The results of our study demonstrate that the four tested residues indeed playa key role in the formation of a recognition intermediate that transfers the DNA lesions to downstream GGR factors.
The most crucial outcome of thi s study is that the examined side gro ups drive a sequence of distinguishable nucleoprotein transitions starting from the defa ult search mode, by which XPC protein finds DNA damage in th e genome, to an initial (unstable) encounter complex at lesion sites and, finally, the installa tion of an ultimate (stable) recruitment platform. The variable effects of alanine substitutions at different XPC positions imply that the respective amino ac id residues exert d iverging functions during the aforementioned transitions. In the in vitro assay, the interaction with DNA is more sensitive to N754A, F756A, and F797 A substitutions than to the co rresponding change a t position F799. The mos t prominent difference between the N754A, F756A, and F797 A mutations and the F799A substitution was observed with the jlmction DNA molecule (Fig. 2C ) used as a model substrate to probe the affinity of XPC protein for lmpaired bases in a duplex context. The common binding partner of residues N754, F756, and F797 is the flipp ed-out base on the 3' side of the lUldamaged strand (Fig. lB) , suggesting tha t these three side chains of XPC protein coopera te to sen se damage-induced base displacements opposite to lesion sites. Conversely, the F799A muta tion conveys a more severe reduction in the binding to single-stranded DNA relative to junction molecul es, indica ting that this residue is nevertheless important to stabilize XPC protein onto the displaced undamaged strand. This view is supported by FRAP-LD ana lyses, indicating that the F799A mutant is unable to anchor itself onto UVirradiated DNA in living cells (Fig. 6) .
A separation of fwlction between the tested amino acid residues was also evident when we monitored the subsequent TFlIH rec ruitment. Both the N754A and F756A mutations diminish the relocation to UV foci, but the fraction of these XPC mutants that did acclU11ulate at lesion sites was as effective as the wild-type control in engaging TFIIH into the nascent GGR complex. Instead, the F797 A and, particularly, the F799A mutation interfered with TFIIH recruitment (Fig.  7) . The common binding partner of F797 and F799 is the flipp ed-out residue on the 5' side ( Fig. 1) , thus indicating that the ex trusion of this additional nucleotide is essential for the transfer of DNA lesions from XPC protein to TFIIH. These findin gs are consistent with a prev iolls truncation study, indi ca ting that the detection of damaged sites is mediated mainly by a dynamic interface of XPC protein that includes amino acids 607-766, whereas an adjacen t protein segment (amino acids 767-833) is required for the following stabilization of a GGR-initiating complex on the target substrate (8) .
Surprisingly, our mutagenesis analysis revealed that the side chains of XPC protein th at interact with the flipped-out nucleotides in the ultimate recognition complex also contribute to the default binding to native double-stranded DNA (Fig. 2C) . This findin g is a t first sight counterintuitive because it may have been expected tha t an amino acid substitution that reduces the affinity for th e native duplex, and hence suppresses the interaction with genom ic DNA, would cause a n increased nuclear mobility in FRAP ex periments. However, when this prediction was tested in undamaged living cells, we found that the N754A change ac tually limits the movements of XPC protein (Fig. 5B) . Although less pronounced, a diminished nuclear mobility compared with wildtype was also fOlmd for the F797 A and F799A mutants. A likely scenario that accommodates this surprising observation is that XPC protein sea rches for DNA lesions by a facilitated diffusion procedure, whereby protein movements within li ving cells are guided by interacti ons with DNA filaments. Facilitated protein diffusion may occur by a "sliding" mode (i. e., by movements along linear molecules) or by a "hopping" mode that involves continuous association-dissociation cycles from one site to another on DNA. In either case, by reducing the dimensionality of the sea rch process, fac ilitated diffusion is tho ug ht to enhance the efficiency of ta rget-si te location by severa l orders of m agnitude (5, 49) . Support for th e involvement of N 754 in a facilita ted sea rch process comes from the observa ti o n that the low mobility conferred by the exchange of this residue w ith a lanin e (Fig. 5B ) correla tes w ith the w ea kest accumu la tion of all mutants in UV lesion tracks (Fig.3B) .
In summary, this study d escribes how four critical amino acid sid e chains of human XPC protein interact with multiple DNA conforma tions to drive the genome-wide sea rch process, the forma tion of a dynamic (unstable) encOlUl ter complex, and the insta llment of a stable recogn ition in ter mediate that promotes TFliH recruitment. The GGR proficiency of the tested XPC mutants refl ects the cum ulative effec t of the respective amino acid substitutions on these disting ui shable but interrela ted activities of XPC protein. Further stu dies will be devoted to analyze the contribu tion of UV-DDB and chroma tin-remodeling complexes in this genome-wide lesionrecognition mechanism. 
